[1] The Jura-Cretaceous Peninsular Ranges batholith (PRB) of southern and Baja California contains a remarkable example of a crustal transition between juxtaposed oceanic and continental floored arcs. JuraCretaceous deformation in the PRB is focused along this lithospheric discontinuity and defines a zone of contractional deformation that stretches at least 800 km along the batholith. The western edge of this zone is associated with a dramatic eastward increase in maximum recorded metamorphic pressures (from 2 to 6 kbar) and temperatures (from <300 to >650°C). Elsewhere in the North American Cordillera, similar lithospheric boundaries are thought to accommodate various amounts of orogen-parallel displacements of outboard tectonic fragments. To test this proposal in the PRB, we examined an unusually well-preserved part of the transition zone in the southern Sierra San Pedro Martir (SSPM). Here a spectacular $20 km wide, doubly vergent fan structure, which developed over a period >40 m.y. during both Jurassic and Cretaceous magmatism, occurs along the transition zone. This structure consists of moderately inward dipping, outward vergent, fold and thrust belts with widespread mylonitic fabrics that steepen toward the center where both mylonitic and magmatic fabrics occur in syntectonic, vertically sheeted plutons. Mineral lineations change from steeply pitching on the sides of the fan to moderately pitching in the center. A number of constraints on possible displacements, rotation of units, and duration of fabric formation limit the amount of orogen-parallel displacement to a few kilometers across the fan structure in the SSPM. Instead, we propose that the fan structure is a local feature that results from a combination of tectonic wedging caused by a cusp of rigid, pre-Mesozoic continental margin crust at this location and vise tectonics that arose from strong lateral rheological gradients resulting from extensive heating by the sheeted tonalite complex, focused deformation along the lithospheric discontinuity, and subsequent strain softening. We suggest that these mechanical controls on deformation during orthogonal convergence may be common in other orogens where similar fan structures have been attributed to transpression, emphasizing the need for caution in interpreting such features as zones of significant, orogen-parallel displacement.
Introduction
[2] A long-standing controversy has developed over the allochthoneity of outboard tectonic assemblages in the Mesozoic, North American Cordillera, particularly in regards to the magnitude of orogen-parallel displacement (proposals range from 0 to >3000 km) and the location of structures on which this displacement might occur [e.g., Burchfiel and Davis, 1972; Silver and Anderson, 1974; Beck, 1986; Avé Lallemant and Oldow, 1988; Lund and Snee, 1988; Wernicke and Klepacki, 1988; Ague and Brandon, 1992; Cowan et al., 1997; McClelland et al., 2000] . One motivation for this debate is the desire to reconcile a large body of paleomagnetic data supporting large displacements of outboard terranes with geological evidence against significant fault displacements that could accommodate such offsets [see Umheofer, 2000; Cowan et al., 1997] . One such debate concerns the Baja-B.C. proposal, which suggests that terranes now located in the Coast Ranges Batholith of the northern Cordillera originated at latitudes in the present region of Baja California [e.g., Cowan et al., 1997] . The Sumatran arc is commonly cited as a modern TECTONICS, VOL. 21, NO. 5, 1050 , doi:10.1029 /2001TC001353, 2002 Copyright 2002 by the American Geophysical Union. 0278-7407/02/2001TC001353$12.00 analog for such a system, with its strongly oblique convergence and well-developed transpressional deformation that accommodates rapid slivering of the arc and forearc regions.
[3] In southern and Baja California the Jura-Cretaceous Peninsular Ranges batholith (PRB) formed across a transition between outboard oceanic and inboard continental floored zones of the PRB (western and eastern PRB zones, respectively). This basement transition is defined by a number of distinctive features in the batholith including a sharp chemical transition in plutons, changes in crustal geophysical character, and a series of elongate arc-related sedimentary basins. Below we argue that a narrow, enigmatic belt of Jura-Cretaceous deformation extends along the known length of this basement transition, that is $800 km from southern California through northern Baja California. This belt of deformation, the only known candidate for a Mesozoic transpressional shear zone that might accommodate orogen-parallel displacement in northern Baja California, has been interpreted as a terminal suture during arc collision [Johnson et al., 1999a] , a collapsed back arc basin [Gastil et al., 1981; Todd et al., 1988; Busby et al., 1998 ], and an intra-arc zone of contraction along a pre-Triassic basement transition [Thomson and Girty, 1994] .
[4] To help evaluate these hypotheses, we have conducted a detailed structural and geochronological study in the southern Sierra San Pedro Martir (SSPM) where a spectacular $20 km wide, doubly vergent fan structure occurs along the basement transition. This previously unrecognized structure, one segment of the more extensive zone of Jura-Cretaceous deformation, has inverted metamorphic gradients on both flanks and exposes the deepest crustal levels known from the PRB (>15 km). Below we demonstrate that this structure is composite in nature, formed over a period spanning >40 m.y., and displays some aspects that are unique from the rest of the transition zone. Although the fan structure displays features similar to transpressional orogens, we argue that both the fan structure and belt of deformation along the lithospheric discontinuity are not likely candidates for a fault along which large orogenparallel displacement of outboard tectonic fragments occurred in the Mesozoic or Cenozoic. Rather, the discontinuity is the site of long-lived contraction along the length of the batholith, and along which the fan structure formed as a result of local mechanical effects including strain refraction around a Precambrian-Paleozoic buttress in the eastern zone of the batholith and strain softening in the center of the structure caused by heating and deformation during extensive intrusion of syntectonic, tonalite sheets. Below we examine the evidence for these conclusions.
Tectonic Overview of Peninsular Ranges Batholith (PRB)
[5] The Jura-Cretaceous PRB (Figure 1 ), a >800 km segment of the Cordilleran magmatic arc that once stretched from Alaska to South America, intrudes a series of NW trending, prebatholithic, lithostratigraphic assemblages in Peninsular California. From west to east these include (1) Triassic-Cretaceous continental borderland assemblages (not shown in Figure 1) ; (2) Jura-Cretaceous volcanic arc assemblage; (3) Triassic(?)-mid-Cretaceous volcanic, volcaniclastic and turbidite assemblages (hereinafter called transition assemblage); (4) Ordovician-Permian slope-basin clastic assemblage; and (5) Upper Proterozoic-Permian miogeoclinal carbonate-siliciclastic assemblage (Figure 1 ) [Gastil, 1993] .
[6] Plutonic rocks of the batholith have been subdivided into ''western'' and ''eastern'' plutonic zones that reflect intrusion into oceanic and continental affinity crust, respectively [Gastil et al., 1975] . The western zone of the batholith consists of gabbro to tonalite, mid-Jurassic to mid-Cretaceous plutons that intrude lower greenschist grade metamorphosed volcanic arc and arc-related turbidite assemblages [Silver et al., 1979; Silver and Chappell, 1988; Todd et al., 1988; Walawender et al., 1991] . The eastern zone includes early Mesozoic to Late Cretaceous plutons of tonalite, granodiorite, and granite compositions that intrude transition, slope-basin, and miogeoclinal assemblages [Silver and Chappell, 1988; Walawender et al., 1991; Thomson and Girty, 1994] . Country rocks in this zone attained andalusitesillimanite metamorphic conditions ranging from $475°C at $3.2 kbar to $700°C at $5.8 kbar [Rothstein, 1997] . Regional metamorphism and deformation in Peninsular California occurred concurrently with intrusion of the PRB [Gastil et al., 1975; Todd et al., 1988] .
[7] A number of geochemical and isotopic parameters vary sharply across a narrow transition zone (<20-40 km) between western and eastern plutonic zones that appears to reflect a fundamental basement boundary along the middle of the PRB. These include the following for western and eastern zones, respectively ( Figure 1 ): (1) the stable FeTi oxide phase-magnetite versus ilmenite ; (2) rare earth element (REE) fractionation patterns -moderate REE fractionation versus heavy rare earth element (HREE) fractionation patterns [Gromet and Silver, 1987] ; (3) Sr i values-lower than 0.705 versus higher than 0.705 [Silver et al., 1979] ; and (4) d
18 O values ±6.0 to +8.5% versus +9 to +12% [Silver et al., 1979] . The isotopic compositions of the western PRB suggest a primitive island arc-like source for this part of the batholith, whereas the source regions of the transition and eastern portions of the PRB contain older, deeper reservoirs with eclogitic mineral assemblages [Silver and Chappell, 1988] .
[8] The origin of the boundary between western and eastern basement in the PRB and the deformation belt along it has been controversial for some time, and three basic models have emerged. Thomson and Girty [1994] proposed that the transition is a pre-Triassic crustal boundary that possibly corresponds to the ancient North American rifted margin. They based this conclusion on their interpretation that a turbidite assemblage overlaps the discontinuity in southern California and is Triassic or older as determined from a Triassic age obtained from a pluton that intrudes part of the turbidite assemblage. Other workers have suggested that the transition was initiated as far back as Jurassic time with formation of a back arc basin and development of a fringing western arc that was sutured back to the continent following collapse of the basin in the mid-Cretaceous [Gastil et al., 1981; Rangin, 1978; Todd et al., 1988; Griffith and Hoobs, 1993; Busby et al., 1998 ]. In contrast, Johnson et al. [1999a] , working in the northern SSPM, suggested that the western zone of the PRB represents an exotic island arc terrane based on a paucity of continental components in both volcanics and plutons. They proposed suturing of this terrane on the Main Martir thrust between 115 and 108 Ma, although they are uncertain as to the extent of this suture. Recent work in other parts of the Cordillera such as along the western Idaho suture zone that contain similar lithospheric discontinuities [e.g., McClelland et al., 2000] suggests that an additional model needs to be tested in the PRB of northern Baja California. Did the lithospheric discontinuity in the PRB originate as a transpressive shear zone that accommodated orogen-parallel displacements of outboard Cordilleran fragments in the Mesozoic or Cenozoic?
Extent and Character of the Peninsular Ranges Batholith Deformation Belt
[9] A 5 -25 km wide belt of predominantly contractional deformation of Mesozoic age occurs within the geochemically defined transition zone and appears to be continuous along the length of the PRB. This deformation zone is Figure 1 . Map of Peninsular Ranges showing tectonostratigraphic assemblages, the Peninsular Ranges Batholith, and the transition between western and eastern zones of the batholith for various geochemical and isotopic parameters. Note that transitions in these parameters are poorly known in the southern SSPM. Patterns used for tectonostratigraphic assemblages reflect general structural trends in respective units. Note offset of contact between miogeocline and slope basin assemblages across modern Gulf of California plate boundary. Also shown are identified segments of the transitional PRB deformation belt that are referenced in text and include the Cuyamaca-Laguna Shear Zone (CLSZ), Calamajue (C), El Arco (A). From Gastil et al. [1990 , 1991a , Gastil [1993] , Gromet and Silver [1987] , Silver et al. [1979] , and Taylor and Silver [1978] . Formlines denote general structural trends in the fan structure which occurs in the transition zone in the batholith. Note change in orientation for these trend lines within and north of study area. Only faults with Tertiary history are shown. Modified from Gastil et al. [1975] .
14 -4 largely restricted to the transition assemblage and plutons that intrude it, and includes deformation that is distinct from structures in western and eastern zones of the PRB to either side. Structures in the western zone include syndepositional faults and gentle folds [Gastil et al., 1975; Busby et al., 1998 ], and in the eastern zone consist of folds, cleavage of variable development, and shear zones [Gastil et al., 1975; Todd et al., 1988] , at least some of which appear to predate intrusion of the PRB. In contrast structures in the transitional deformation zone include steeply dipping, largely west vergent reverse mylonite shear zones, belts of folding, and intensely developed cleavage. A sharp eastward increase in metamorphic grade and pressures coincides with this belt of deformation, and on the western side of the SSPM includes a spectacular inverted metamorphic gradient. Some of the deepest exposed crustal levels in the batholith occur within this zone, and sheeted, tonalite plutons are common along much of its extent.
[10] These changes in structures across the batholith are coincident with variation in deep crustal structure as indicated by passive seismic experiments in southern and Baja California. A $3% variation in P wave velocities is apparent across the transition zone to a resolvable depth of $20 km [Magistrale and Sanders, 1995] , and Moho depths vary across the transition zone [Ichinose et al., 1996; Lewis et al., 2000 Lewis et al., , 2001 , implying that a significant change in crustal type occurs across the basement boundary in the batholith. Thus, preexisting basement heterogeneity in the transition zone appears to have focused deformation during PRB orogenesis. In places this deformation belt has been completely intruded out by post $100 Ma plutons or covered by Tertiary strata, leading to the discontinuous segments presently exposed in the Peninsular Ranges (Figure 1 ). Previously recognized segments include the $118-115 Ma Cuyamaca-Laguna Mountains Shear zone in southern California [Todd et al., 1988; Thomson and Girty, 1994] , a $115-108 Ma mylonite shear zone on the western side of the northern SSPM [Johnson et al., 1999a] , >132 to <97 Ma deformation in the southern SSPM [Goetz, 1989; Measures, 1996;  this communication], a $103 -100 Ma shear zone in the Calamajue region [Griffith and Hoobs, 1993] , deformation >104.5 Ma in the El Arco region [Barthelmy, 1979] , and Cretaceous(?) deformation in the region south of La Paz (A. Schuerzinger, personal communication, 1998) . All of these studies only examined parts of the deformation belt and were only able to resolve portions of its evolution. However, in the southern SSPM the complete belt is exposed from western to eastern zones of the batholith and a much more extensive history of contractional deformation can be discerned.
Fan Structure in the Transition Zone of the PRB
[11] In the SSPM the transition zone from oceanic to continental crust is marked by a $20 km wide fan structure that deforms the prebatholithic assemblages juxtaposed across mylonitic shear zones (Figures 1, 2 , and 3). The western footwall to this fan is marked by the Rosarito fault across which assemblages in the western fan are thrust over Jura-Cretaceous Alisitos arc assemblages [Goetz, 1989] . The eastern footwall is marked by the Agua Caliente thrust along which eastern fan assemblages are thrust over Late Proterozoic-Early Paleozoic miogeoclinal rocks [Measures, 1996] . We divide the fan structure into internal western, central and eastern domains, reflecting the changes in deformation and magmatism across this structure and discuss each of these domains below.
Western Footwall
[12] The western footwall of the fan structure consists of a volcanic-rich unit of the Alisitos formation that includes lower greenschist grade flows and tuffs with minor tuff breccias and poorly bedded tuffaceous limestone. Similar lithologies are intruded by 113-117 Ma gabbro-tonalite ring complexes west of the northern SSPM [Johnson et al., 1999b] . At distances >0.5 km from the Rosarito fault, bedding in the Alisitos formation is folded by map-scale open, upright folds with SE and NW shallowly plunging hinges ( Figure 4a ). Folds tighten, hinges steepen, and steeply dipping fault-parallel cleavage becomes common near to the Rosarito fault, where NE fold limbs are locally sheared along SW vergent faults.
[13] The Rosarito fault is a steep to moderate NE dipping fault zone across which a sedimentary-rich unit of the Alisitos Fm, now in the western domain of the fan has been thrust over a volcanic-rich unit of the Alisitos formation ( Figure 3 ). Deformation associated with the Rosarito fault overprints moderately dipping mylonitic fabrics in the western part of the fan. The fault zone is characterized by steep, NE dipping, spaced to locally penetrative cleavage, shear bands and discrete chloritized faults with predominantly NE over SW shear sense.
Western Fan
[14] An extensive sequence of metavolcanic and metasedimentary strata is preserved in the western domain. The sedimentary-rich unit of the Alisitos formation consists of greenschist grade metamorphosed tuffaceous sandstones, volcaniclastics, and tuffs with minor argillite and calcareous sandstone. It is similar to strata in the northern SSPM correlated by Silver et al. [1963] and Johnson et al. [1999a] with the late Aptian-early Albian type-section of the Alisitos formation [Allison, 1974] . The structurally overlying ''transition'' assemblage consists of well-bedded basalts, silicic lithic crystal tuffs, tuff breccias, and tuffaceous sandstones. This sequence is similar to metavolcanic and volcaniclastic strata on the western side of the northern SSPM from which Johnson et al. [1999a] obtained a U-Pb zircon sensitive high-resolution ion microprobe (SHRIMP) age of 127.9 ± 1.2 Ma. However, these authors are uncertain as to whether a volcanic flow or sill was dated. In the southern SSPM a high strain zone juxtaposes the Alisitos and transition assemblage and is marked by upward increasing mylonitic fabric intensities, higher metamorphic grade marked by the appearance of biotite, garnet, and gedrite, and increasingly abundant leucocratic veins and stringers. This high strain zone is equivalent to the Main Martir thrust of Johnson et al. [1999a] which they considered to be the suture between an exotic western island arc and eastern PRB continental arc.
[15] The Suerte plutonic complex intrudes structurally highest levels of the transition assemblage and predominantly consists of biotite tonalite that is compositionally and texturally sheeted at scales of centimeters to tens of meters in width and hundreds of meters to kilometers in length (Figure 3 ). These sheets are cogenetically intruded by strongly heterogeneous hornblende gabbro and minor hornblendite and anorthositic gabbro. The eastern and southern parts of the complex have been intruded by hornblende tonalite in the center of the fan structure. A TIMS U-Pb zircon age of 132 ± 7 Ma was obtained from the Suerte complex (Table 1 and Appendix A. Appendix A is available as electronic supporting material 1 ).
[16] This region was intruded by a wide belt of strongly diachronous granite magmas during the Mesozoic (Figure 3) . Many of the resulting plutons show intricately interleaved, centimeter-scale sheets of fine-and coarse-grained granite and fine-grained hornblende gabbro that are intensely mylonitized. ATIMS U-Pb zircon age of 118 ± 3 Ma was obtained from a mylonite granite sheet that intrudes the transition unit in the southern SSPM (Table 1 and Appendix A). Johnson et al. [1999a] reported a U-Pb zircon SHRIMP age of 133.6 ± 1.9 Ma from a granite pluton that intrudes orthogneiss in the northern SSPM. In the central domain of the fan, mutually crosscutting relationships between granite and $100 Ma hornblende tonalite sheets, suggest that granite intruded over a period spanning $133 to less than $100 Ma.
[17] The strongly heterogeneous Rinconada pluton consists primarily of anorthositic gabbro cut by minor gabbro sheets in its interior and gabbro and hornblende tonalite units that form ring-like sheets near the margins (Figure 3 ) and intrudes a significant portion of the western fan. Within 1 km of the southern margin of the pluton numerous wall rock screens 1 -3 m in width occur between these ring-like sheets. A U-Pb zircon SHRIMP age of 101.3 ± 0.6 Ma was obtained from hornblende tonalite in the pluton (Table 1 and Appendix A). The Rinconada complex is similar to ring complexes that have been described from numerous areas in the western zone of the PRB [Johnson et al., 1999a [Johnson et al., , 1999b [Johnson et al., , 2002 .
[18] An extensive structural history is evident in the western fan. The oldest fabrics occur in the upper part of the transition assemblage including uncommon to rare crenulations and millimeter-scale isoclinal folds and folded internal fabrics in garnet porphyroblasts around which the mylonitic foliation described below is tightly wrapped. These older fabrics were not observed in either the Suerte complex or the granite that intrudes the transition assemblage, indicating that deformation initiated on the west side of the fan structure before $132 Ma.
[19] Nearly the entire western domain comprises a spectacular package of well-developed LS-mylonite, over 5 km in overall structural thickness, that extends from the Rosarito fault through much of the Suerte complex. NW striking mylonite foliation is subparallel to bedding in the Alisitos sedimentary-rich unit, to metamorphic layering in the transition assemblage, and to plutonic sheets in the Suerte complex. The intensity of mylonite fabrics increases northeastward across the western fan and grades into mylonite gneiss $3 km into the Suerte complex. Mylonite lineation are dominantly NNE trending (Figure 4b ). Kinematic indicators including s-c fabrics, sigma-clasts, and extensional crenulations are common in the mylonites and show consistent NE over SW shear sense in sections parallel to lineation.
[20] A variety of important structural relationships are preserved in the $101 Ma Rinconada complex and surrounding wall rocks. In granite and transition assemblage host rocks along the eastern margin of the pluton intensely developed mylonitic fabrics overprint older mylonitic structures. The younger fabrics continue into gabbro and tonalite in the pluton and show consistent NE over SW shear sense, suggesting that host rocks have been thrust over the eastern margin of the Rinconada complex after emplacement. Small tonalite and gabbro plutons associated with the Rinconada complex show a similar relationship near its SE end. These record a solid-state fabric that, along with host rocks, has been folded by a series of map-scale, NE trending, upright folds. The folds tighten dramatically and become completely transposed within mylonitic fabrics along the eastern margin of the pluton (Figure 3 ). Similar relationships occur along the western margin of the pluton where an elongate tonalite pluton contains solid state fabrics and kinematic indicators consistent with thrusting of the Rinconada complex over its western wall rocks. NE plunging folds in host rocks are also overprinted by thrust fabrics at this location. These observations demonstrate that significant SW vergent thrusting continued after 101 Ma in the western fan.
Central Fan
[21] The central part of the fan consists of a sheeted plutonic complex of hornblende tonalite and gabbro that intrudes Jurassic orthogneiss and the Suerte complex ( Figure 3) . A penetrative steeply dipping cleavage and moderately north plunging lineation in orthogneiss parallels predominantly magmatic foliation and lineation in hornblende tonalite sheets. These structures overprint older fabrics in orthogneiss associated with deformation in the eastern domain, and were overprinted in turn by a final cleavage-forming event that produced contrasting fabrics in orthogneiss and tonalite sheets. The sheeted plutonic complex is intruded along its eastern margin by hornblende tonalite and biotite hornblende granodiorite that are lithologically similar to the SSPM pluton 35 km to the north, one of a regionally extensive La Posta-type plutonic suite that has been dated between 92 and 98 Ma (Figure 3 ) [Kimbrough et al., 2001; Gastil et al., 1991a; Walawender et al., 1990] . This pluton largely preserves weakly developed magmatic fabrics with variable orientations and little subsolidus deformation.
[22] The sheeted plutonic complex consists of vertical, NNW striking hornblende tonalite sheets of variable mode 1 Auxiliary material is available via Web browser or via Anonymous FTP from ftp://kosmos.agu.org, directory ''apend'' (Username = ''anonymous,'' Password = ''guest''); subdirectories in the ftp site are arranged by paper number. Information on searching and submitting electronic supplements is found at http://www.agu.org/pubs/esupp_about.html. and texture that range in width from meters to tens of meters, and in length from hundreds of meters to kilometers. Elliptical gabbro plutons intrude these sheets and display mingling textures and extensive microgabbroic enclave swarms along some contacts. Gabbro plutons show similar compositional heterogeneity to those in the Suerte complex and contain magmatic fabrics with highly variable orientations. A U-Pb zircon SHRIMP age of 100.1 ± 0.5 Ma was obtained from the mingled contact between the end of one of these gabbro plutons and hornblende tonalite sheets (Table 1 and Appendix A).
[23] Belts of biotite muscovite orthogneiss form screens within the sheeted tonalite complex (Figure 3) . These screens contain garnet-bearing amphibolite pods and sillimanite, garnet, K-feldspar pelitic domains. As much as 25% relict igneous plagioclase, with oscillatory zoned cores, and a highly composite gneissic fabric with poorly developed kinematic indicators typically occurs in orthogneiss. Felsic selvages and stringers typically occur in lit-par-lit association with the orthogneiss. One of the orthogneiss bodies in the central domain yielded a U-Pb SHRIMP zircon age of 164.4 ± 1.4 Ma ( Table 1 and Appendix A). Orthogneiss extends at least another 35 km northward where it has been mapped by Woodford and Harrison [1938] near the SSPM pluton (Figure 2) , and similar orthogneiss occurs in southern California [Todd et al., 1988; Thomson and Girty, 1994] .
[24] Three fabric-forming events are recognizable in the central domain. The oldest is apparent only in orthogneiss screens and includes rarely preserved NNE striking, moderately west dipping foliation and gneissic layering and moderately WNW plunging lineation, similar in orientation to structures in orthogneiss in the eastern domain (Figure 4e ). Rare folds are also preserved in these domains that are transected and transposed by the two younger cleavages.
[25] A second and dominant fabric consisting of steeply dipping, NNW striking foliation and moderately NNW plunging mineral lineation is strongly developed in both orthogneiss screens and hornblende tonalite sheets (Figures  4b and 3) . Older layering associated with the oldest fabric in the orthogneiss is commonly transposed to form a new gneissic layering parallel to the above fabrics. In orthogneiss, the penetrative cleavage is typically axial planar to common outcrop-scale, tight folds with moderately NNW plunging hinges. Plagioclase and quartz are dynamically recrystallized and define a lineation that shows evidence of polygenic origin (Figure 5a ). Biotite shows evidence of both dynamic recrystallization during this main fabric-forming event (Figure 5a) , and an intersection lineation resulting from crenulation of the older foliation (Figure 5b ). Lineation-parallel stretch is defined by rare boudins.
[26] In hornblende tonalite, fabrics associated with this event are largely magmatic with some high temperature, solid-state overprint and include equally well-developed foliation and lineation. Hornblende is almost completely igneous, plagioclase shows some recrystallization, and quartz and biotite are variably recrystallized. Foliation is subparallel to the margins of tonalite sheets and orthogneiss screens and foliation and lineation are continuous across the ends of sheets into gneissic fabrics in orthogneiss. In contrast to the abundant folds associated with this fabric in orthogneiss, folds in hornblende tonalite are rare and largely restricted to sheets with stronger solid-state fabrics. Enclaves in the tonalite typically show oblate to plane strain fabric shapes with principal axes oriented parallel to mineral foliation and lineation.
[27] Shear sense indicators in hornblende tonalite fabrics are variably developed and include s-c and extensional shear bands. Biotite and quartz commonly define c-surfaces, and hornblende and plagioclase typically define s-surfaces. Shear direction is inconsistent among outcrops; of 38 locations in the central domain displaying locally consistent kinematic indicators, 17 showed SW side up (oblique sinistral) sense of shear parallel to mineral lineation, and the remaining 21 showed the opposite shear sense. No spatial pattern of outcrops showing one shear sense versus the other is apparent across the domain. Kinematics are best developed on surfaces oriented parallel to lineation and perpendicular to foliation. Other surfaces oriented at angles to mineral lineation were examined on outcrops, but kinematic indicators were rarely observed.
[28] Fabric gradients, including systematic variation in the orientation and amount of solid-state overprint, occur in hornblende tonalite sheets across the strike of the complex (Figures 4b and 6 . On the western side of the central fan domain, foliation and the sides of tonalite sheets dip, and lineation plunge, moderately to the NE, subparallel to fabrics and igneous sheets in the western domain. Farther east these fabrics gradually change to NNW striking, steeply dipping foliation and moderately NNW plunging lineation that are prevalent across the rest of the central fan. The amount of solid-state overprint also decreases eastward across this domain (Figures 6a and 6b ). Solid-state overprint occurs parallel to original magmatic fabrics across the entire central domain as shown in thin sections which display relict plagioclase and hornblende crystals in full contact and few intervening solid state deformed minerals. Albite twins in relict plagioclase are preferentially aligned parallel to mineral lineation [cf. Paterson et al., 1989] .
[29] Locally developed conjugate shears cut fabrics and sheets within hornblende tonalite. Fabrics within these shears include shear zone-parallel foliation and subhorizontal lineation. The shears bisect the igneous foliation, and form steeply dipping NNE and WNW striking sets. Kinematics determined from 3-D geometry of fabric bending show horizontal displacement in a dextral sense for the NNE striking set, and sinistral sense for the WNW striking set (Figure 4f ) indicating overall pure shear. Dynamic recrystallization of plagioclase and hornblende grains indicates high-temperature conditions for this deformation. A third cleavage-forming event is apparent in parts of the central domain, with deformation strongly partitioned into orthogneiss, and only minor cleavage development in hornblende tonalite.
Eastern Fan
[30] The eastern domain consists of a thick package of mylonitic Jurassic orthogneiss and metavolcanics of probable Jura-Cretaceous age that have been thrust SE over Late Proterozoic-Early Paleozoic miogeoclinal rocks and Jurassic plutons of the eastern zone of the PRB described below (Figure 3 ). This thrust package has been intruded by the La Posta-type pluton and hornblende tonalite sheets described above in the central domain and folded by a series of mapscale, NW plunging folds.
[31] Orthogneiss that is lithologically similar to $164 Ma orthogneiss in the central domain forms the upper part of the thrust sheet in the eastern domain. Pelitic and garnet amphibolite gneisses occur in distinct, semi-continuous layers. Much of this unit contains well-developed gneissic and mylonitic layering that lies concordantly within the WNW dipping mylonitic thrust sheets. Near the top of the sequence orthogneiss is migmatitic, containing greater than 50% leucosome material that occurs as both concordant and discordant stringers in discontinuous gneissic layering. This transition to migmatitic rocks at structurally highest levels in the eastern thrust package suggests that an inverted metamorphic sequence also occurs on the eastern side of the fan structure, albeit with more poorly defined metamorphic facies transitions than the western side. [32] A well-layered assemblage of metavolcanic and rare metasedimentary rocks lies below and in sharp fault contact with orthogneiss. The metavolcanic sequence consists of gneiss, schist and amphibolite that contain a well-developed mylonitic fabric throughout. A distinctive feature of these metavolcanic layers is a strong blastocrystic texture consisting of $20% feldspar and quartz porphyroclasts with relict igneous cores in a fine-grained gneissic groundmass and centimeter-sized schistose inclusions. An uncommon sedimentary component in the sequence includes relatively pure quartzite and marble, and psammitic layers. These features strongly suggest that the sequence is largely volcanic in origin, consisting of mostly siliceous crystal-rich lithic tuffs and flows with a minor mafic component. The overall succession is continuous for more than 10 km but individual layers are only continuous for tens to hundreds of meters.
[33] Measures [1996] obtained a discordant U-Pb zircon age from the metavolcanic sequence that he interpreted as $123 Ma. However, the two fractions he analyzed are almost identical, within error, and yielded U-Pb ages of $123 Ma and Pb/Pb ages of $143 Ma, implying that the sample has suffered Pb loss. Thus the Pb/Pb age may be more appropriately interpreted as a minimum age. Furthermore, the older age would be more consistent with a Late Jurassic age derived from a very similar succession that occurs in the Calamajue area [Griffith and Hoobs, 1993] .
[34] Several generations of structures are present in the eastern domain. Both the orthogneiss and metavolcanic units contain uncommon outcrop-scale domains of older folds. These are mostly moderate NE plunging, tight, upright folds in the former and isoclinal to tight, rootless folds with axes subparallel to mylonitic lineation in the latter. The dominant fabric in the eastern domain is mylonitic, NNE striking, moderately WNW dipping foliation that is subparallel to metamorphic layering, and moderately WNW plunging lineation (Figure 4c ). Toward the top of the sequence, these fabrics grade into migmatitic mylonite gneiss. Mylonitic fabrics in the package contain shear sense indicators including sigmoidal porphyroclasts, and s-c and extensional shear band fabrics that display consistent top to the ESE kinematics in sections parallel to lineation.
Eastern Footwall
[35] The footwall below the Agua Caliente thrust includes miogeoclinal shelf facies rocks intruded by the Jurassic Agua Caliente pluton (Figure 3) . Missing from this region is the deeper water facies assemblage that typically overlies the shelf facies assemblages farther north and south. Lithologies in the miogeoclinal assemblage include welllayered carbonate and quartzite with screens of uncommon amphibolite and rare quartzo-feldspathic gneiss. Carbonate lithologies consist of marble and calc-silicate assemblages containing quartz, calcite, diopside, tremolite, wollastonite, grossular, and graphite. Siliciclastic rocks include biotite and muscovite with rare sillimanite, andalusite, and garnet in schistose parts of the assemblage.
[36] The Agua Caliente pluton consists of moderately recrystallized, tourmaline-bearing, biotite tonalite with uncommon, concordant mafic sheets. Quartz and plagioclase porphyroclasts with partially recrystallized rims occur in a >90% recrystallized medium-grained groundmass. In places biotite tonalite is finer-grained and more gneissic. The western side of the pluton has been cut by the Agua Caliente thrust. A U-Pb zircon SHRIMP age of 164.3 ± 2.3 Ma was obtained from the southern end of the pluton where it obliquely crosscuts host rock layering in the miogeoclinal assemblage (Table 1 and Appendix A). This age contrasts with a single-fraction, slightly reverse discordant TIMS monozite U-Pb age of 96 Ma obtained by Measures [1996] for the same pluton. We speculate that the monozite sample incorporated excess 206 Pb, leading to the reverse discordant results [e.g., Parrish, 1990] . It is also possible that younger phases intruded parts of the pluton, leading to the disparity between the two ages.
[37] The miogeoclinal assemblage has been polydeformed to produce a complexly folded region, as shown in a down-plunge view in Figure 7 . The oldest apparent structural subdomain occurs in the eastern part of the assemblage where well developed, NW dipping metamorphic layering and mineral foliation occur on the limb of a shallowly SW plunging fold (Figures 4d and 7) . Similar structures and orientations occur in miogeoclinal rocks 15 km farther east in the Sierra San Felipe (Figure 2 ; K. Schmidt, unpublished mapping). Younger deformation, including moderately NW plunging tight to isoclinal folds and steeply dipping axial planar foliation, is apparent in the western part of the assemblage near the Agua Caliente thrust. Interference patterns are common with the older folded domain farther east. Within $20 m of the Agua Caliente thrust, mylonite stretching lineation appear in both the miogeoclinal assemblage and Agua Caliente pluton and increase in intensity toward the fault. Both footwall and hanging wall assemblages on the eastern side of the fan structure have subsequently been folded by a map-scale, NW plunging antiformal-synformal fold pair (Figure 7 ).
Pressure/Temperature Constraints
[38] Emplacement depths of selected plutons were calculated using Al-in-hornblende barometry summarized in Table 2 and the mineral compositions presented in Appendix B (Appendix B is available as electronic supporting material). All samples contain the buffer assemblage plagioclase, K-feldspar, quartz, hornblende, biotite, titanite, and Fe-Ti oxides. Mineral compositions were determined by C. Kopf using the JEOL JXA-8900 electron microprobe at the University of Minnesota with analytical conditions of 15 kV accelerating voltage, 20 micro-amp sample current, and counting times of 10 -20 s. The compositions in Appendix B are averages of 10 coexisting hornblende and plagioclase rims for each sample. Temperature determinations are based on calibration B of the amphibole-plagioclase thermometer presented by Holland and Blundy [1994] , and hornblende structural formulae (and calculated FeO, Fe 2 O 3 are based on the 23 oxygen formulation utilized in that calibration. Al-in-hornblende barometry is based on the calibration of Anderson and Smith [1995] at specified temperature, with temperature and pressure calcu-lated by iteration. Errors in calculated pressure are on the order of ±1 kbar.
[39] Alisitos volcanic rocks of lower greenschist grade in the western footwall of the fan contain pumpellyite-muscovite-chlorite assemblages, and host hornblende tonalite plutons that yielded pressures of 2.0 and 2.2 kbar and temperatures of 747°and 725°C. Although these pressures are at the lower limit for the empirically determined barometer, they are in strong agreement with a pressure of 2 kbar determined by Johnson et al. [1999b] for the Zarza pluton in the western zone of the PRB west of the northern SSPM.
[40] Immediately east of the Rosarito fault in the Alisitos sedimentary-rich unit, chlorite-dominated mineral assemblages change up structure to biotite-rich phyllites with sparse garnet and rare andalusite, suggesting temperatures <550°C and pressures <4 kbar in the KFMASH system. The Rinconada complex structurally above this sequence yielded pressures of 5.4 and 5.8 kbar (temperatures of 718°and 685°C), consistent with eastward increasing pressures. In transition assemblage rocks above the eastern margin of the Rinconada complex a progression from early gedrite-sillimanite, followed by overgrowth of staurolite, then late garnet-cordierite suggests decompression from >5 kbar to $3 kbar closely associated with intrusion of the $100 Ma Rinconada complex [Kopf et al., 2000] .
[41] In the central fan, pelitic layers in orthogneiss are commonly migmatitic and contain the assemblage biotite, garnet, fibrolite, K-feldspar, suggesting temperatures near the granite solidus. Al-in-hornblende determinations from hornblende tonalite sheets yielded pressures of 5.3, 5.7, and 6.4 kbar (temperatures of 702°, 676°, and 665°C), suggesting even higher pressures in the central domain. These are similar to pressures of $5.8 kbar and temperatures of $670°C determined by Rothstein [1997] for migmatites in the Canon Baroso area 15 km along strike to the north using metamorphic mineral equilibria constraints in the CNKASH system, and are among the highest pressures determined in the PRB. Pressures of 4.8 and 5.0 kbar at 733°, 709°, and 690°C were determined for samples from the La Posta-type pluton in the central domain, indicating that this domain was exhumed <1 kbar by the time these $92-98 Ma plutons were intruded. These pressures are comparable to an Al-in-hornblende 5.2 ± 0.6 kbar pressure estimate for the $97 Ma SSPM pluton in the northern SSPM from which orthogneiss host rocks yielded a 5.8 ± 0.6 kbar pressure [Ortega-Rivera et al., 1997] .
[42] The eastern fan contains the assemblage biotitegarnet-fibrolite-K-feldspar in association with migmatite, again suggesting near granite solidus conditions. Rocks in the footwall of the Agua Caliente thrust contain fibrolite, which overprints andalusite and sillimanite farther east. In places within the eastern footwall, sillimanite occurs in the assemblage staurolite-biotite-garnet, constraining temperatures to 600°-700°C and pressures to 2 -8 kbar in the KFMASH system. This is corroborated by peak metamorphic conditions of $4.1 kbar and $610°C obtained by Rothstein [1997] from the miogeoclinal assemblage in this region.
[43] Reconnaissance mapping in the Sierra San Felipe, 15 km across Valle Chico to the east, identified the metamorphic assemblage andalusite-sillimanite-actinolite-biotitemuscovite in psammitic country rocks associated with orthogneiss that is lithologically similar to the Agua Caliente pluton (W. Marko and K. Schmidt, unpublished mapping). A hornblende tonalite pluton from the Sierra San Felipe yielded a 4.8 kbar pressure at 686°C for Al-inhornblende (Table 2) , and Rothstein [1997] obtained mineral equilibria results of $5.0 kbar and $610°C in the same region. This suggests that peak metamorphic conditions were similar across this portion of the eastern PRB.
Discussion
[44] This transect across the southern SSPM is one part of the Jura-Cretaceous belt of deformation that we now recognize along the full, >800 km known extent of the lithospheric boundary between eastern and western zones of the PRB.
Previous work focused on remnants of this zone of deformation in which steeply dipping, SW vergent, reverse shear zones were active between >118 to <100 Ma, coeval with arc magmatism. Could this belt have accommodated some of the large-scale coastwise displacements of Cordilleran terranes that have been proposed for the Mesozoic? We address this question by discussing what we have learned about the evolution of the PRB in our detailed study in the southern SSPM, and then examine likely causes of the fan.
[45] Some of the earliest events during Mesozoic arc construction in Peninsular California are preserved in the SSPM, including intrusion of tonalite orthogneiss in the central and eastern fan structure that is now recognized as the remnants of a mid-Jurassic arc (Figure 8) . A large area of the SSPM is underlain by this Jurassic orthogneiss, indicating that Jurassic magmatism was prevalent in the transitional and eastern zones of the PRB in Baja California. Robust magmatism in this part of the batholith continued into the Early Cretaceous as indicated by the occurrence of sizable plutons such as the $132 Ma Suerte complex. Thus Jurassic arc magmatism was not restricted to mainland Mexico, nor was Early Cretaceous magmatism restricted to the western zone of the batholith as implied by some island arc collision models. Such models require significant revision.
[46] Some of the oldest deformation that is apparent along the PRB discontinuity involved thrusting of transition assemblage rocks in both the western and eastern domains of the fan over their respective footwalls (Figures 8 and 9a) . On the western side of the fan structure, the initiation of this deformation predated intrusion of the Suerte plutonic complex at $132 Ma. On the eastern side, it occurred between $164 and 132 Ma.
[47] Deformation continued in the fan through the Early Cretaceous during intrusion of $118 Ma granite, deposition of the sedimentary-rich unit of the Alisitos formation at $115 Ma, and intrusion of the $101 Ma Rinconada complex and $100 Ma tonalite sheeted complex (Figures 8 and  9b ). Significant deformation continued into the Late Cretaceous across the western fan following intrusion of the $101 Ma Rinconada complex. The pluton was overthrust by its eastern wall rocks, and postintrusive, ductile and brittle, west vergent thrusts occur along the Rosarito fault on its western margin (Figures 8 and 9c ). This thrusting accommodated up to 15 km of uplift of the fan relative to the western footwall between $100 and 85 Ma, as constrained by thermochronology studies [Schmidt, 2000] . Extensive denudation of much of the eastern PRB also occurred at this time, commonly facilitated by westward vergent structures along the PRB discontinuity [Todd et al., 1988; Grove, 1994; Lovera et al., 1999] . Intrusion of 92-98 Ma La Posta-type plutons across much of the transitional and eastern belts of the batholith occurred concurrently with this denudation [e.g., Kimbrough et al., 2001] . Thus contractional deformation occurred in the PRB deformation belt over a prolonged period of time that ranges from before intrusion of the $132 Ma La Suerte pluton to completion of major denudation at $85 Ma.
[48] An important element of the PRB deformation zone is sheeted plutonic complexes such as those in the central fan. Other reports, as well as our own reconnaissance work, in the Peninsular Ranges indicate that these complexes are common in the transition zone of much of the batholith [e.g., Todd et al., 1988; Griffith and Hoobs, 1993] . Similar syntectonic sheeted plutonic complexes have been described from a variety of other regions in which mid-lower crustal levels are exposed in the Cordilleran orogen including the Coast Ranges batholith [Ingram and Hutton, 1994] , Cascades Mountains [Paterson and Miller, 1998] , and Idaho batholith [Manduca et al., 1993] .
Development of Fan Structure
[49] Although the geology of much of the Peninsular Ranges remains poorly known, fan structures in the PRB appear to be rare. In most of the PRB deformation belt SW Figure 8 . Diagram of timing relationships across the fan structure in the southern SSPM. Tie lines denote mutually exclusive events. Timelines solid where constrained, dashed where unknown. Ages for ring complexes in western footwall from Johnson et al. [1999b] . Ages for La Posta plutonic suite from Walawender et al. [1990] . Simplified cross section shows very generalized ages of deformation for each domain.
thrust vergence and steep, NE dipping cleavage is common [e.g., Thomson and Girty, 1994; Todd et al., 1988 ; papers collected in volume by Gastil and Miller, 1993] . Thus the development of fan in the SSPM is a local phenomenon caused by influences in the immediate area.
Transpression or Complex Flow During
Orthogonal Convergence?
[50] The central and western fan experienced coeval deformation during intrusion of the sheeted tonalite complex at $100 Ma and were mechanically coupled as suggested by the temporal continuity and smooth spatial fabric transition between them (Figure 4b ). In numerous orogens in which midcrustal levels are exposed, such transitions in fabric orientation are attributed to kinematic coupling across deformation zones, which accommodates transpression [e.g., Robin and Cruden, 1994; Goodwin and Williams, 1996] . If the displacement direction was parallel to lineation in the central fan, then the western fan had a SW displacement relative to the central fan, and thus oblique sinistral displacement would have occurred across the fan. Alternatively, as described from some orogens with steeply dipping tectonized zones that include steeply pitching lineation [e.g., Tikoff and Greene, 1997; McClelland et al., 2000] , it is possible that the main flow direction in the central domain of the fan structure was perpendicular to lineation, leading to an oblique dextral component of displacement.
[51] In either case, the distribution of orthogneiss in the SSPM severely restricts the amount of strike-slip displace- Figure 9 . Block diagrams showing hypothetical evolution of the fan structure. (a-c) Series of time slices illustrating evolution of the fan structure. Map surfaces correspond with present erosion level. Note that significant difference in crustal level occurs across western flank of the structure prior to 100 Ma. Units discussed in text labeled when they first appear. (d) Overview of setting in which fan structure evolved including heterogeneity imparted by transition zone in batholith and buttress created by relatively rigid North American crust underlying miogeoclinal assemblage rocks. ment that occurred across the fan after $164 Ma. Orthogneiss sheets occur in the eastern, central, and western fan and are continuous with no appreciable deflection from the eastern fan into the sheeted tonalite complex (Figure 3) . Additionally, where older fabrics in the orthogneiss are preserved, they are oriented parallel to fabrics in orthogneiss in the eastern domain, again indicating little to no rotation of the orthogneiss. These constraints limit strike-slip displacement across the central domain to less than a few kilometers. This is consistent with the observation that strike-slip deformation is not evident elsewhere in the PRB deformation belt.
[52] Furthermore, fabrics in the southern SSPM contrast with transpressional features described from many other regions. The potential transcurrent component of transpression in the SSPM fan occurs in the central fan in which pure shear deformation is recorded by symmetrical magmatic fabrics with poorly developed kinematics in both lineation parallel and perpendicular surfaces and high temperature conjugate shears that bisect magmatic foliation (Figure 4c ). Strike-slip shear indicators are not developed in this domain, contrary to most transpression models which emphasize that domains accommodating the transcurrent deformation are dominated by simple shear and well-developed kinematics [e.g., Robin and Cruden, 1994] .
[53] Finally, the duration of fabric formation in the central fan is limited to only a few million years, the time for tonalite sheets to intrude, crystallize, and cool slightly below their solidus, at which time they were overprinted by the hightemperature subsolidus conjugate shears. Thus little time was available in which to accumulate significant strike-slip displacement. At the very most, a few tens of kilometers of displacement could have accumulated across the central fan during this time, assuming typical transform plate boundary displacement rates.
[54] A more compelling explanation for the fabrics in the central fan is that they represent complex flow within the rheologically weakened interior of the fan. Evidence for migmatite layers in NNW striking cleavage and associated folds in the orthogneiss indicates that the Jurassic orthogneiss and host rocks were deforming at minimum melt temperatures during intrusion. Moreover, the lack of fabric refraction across boundaries between tonalite and orthogneiss indicate that these lithologies had similar rheologies at this time. Thus the entire central fan was likely considerably weaker than the western and eastern fan. Magmatic processes are a very efficient mechanism to advect heat into the crust, typically at timescales on the order of 10 3 -10 6 years [e.g., Jeager, 1968; Barton et al., 1988; Paterson and Tobisch, 1992] , and can thus heat large domains over the course of very short intervals. In this manner, intrusion of sheeted plutons may trigger deformation across broad regions as a result of thermal weakening of the crust [e.g., Hollister and Crawford, 1986; Collins and Vernon, 1992; Sandiford et al., 1992] .
Heterogeneity in Crust to the East of the Fan Structure
[55] Contacts between prebatholithic tectonostratigraphic assemblages in the PRB all trend NW-SE, except between shelfal and deep water facies of the Paleozoic miogeocline in the eastern zone of the PRB. North of the SSPM, the contact between these two assemblages does trend NW and may join the Permo-Triassic Golconda thrust system in Nevada [Dickinson, 2000] . However, south of the SSPM, this contact swings eastward along the 30.5°parallel and is continuous, after restoring nearly 300 km of Neogene offset across the Gulf of California, with a Permo-Triassic, E-W striking thrust contact between similar assemblages in Sonora, mainland Mexico (Figure 2) [Stewart et al., 1990; Gastil et al., 1991b] . The distribution of prebatholithic assemblages thus suggests that a cusp of shelfal miogeoclinal rocks occurs in the eastern zone of the PRB.
[56] We suggest that it is not a coincidence that the fan structure is only developed in the PRB deformation belt where the shelfal miogeoclinal cusp occurs (Figures 1 and  9d) . We further contend that a rheological contrast in North American basement follows the geometry of this cusp, as reflected by variation in the age and orientation of structures developed in shelfal and deep water facies rocks across this contact. Structures preserved in prebatholithic rocks north of this contact are mostly oriented E-W [papers collected in volume by Gastil and Miller, 1993; our unpublished mapping] , similar to Permo-Triassic structures developed in shelfal miogeoclinal rocks in Sonora. Structures with this orientation also occur in the miogeoclinal footwall of the fan and are overprinted in a narrow zone by deformation associated with thrusting along the Agua Caliente fault (Figure 3 ). Thus structures in shelfal facies rocks largely predate PRB deformation indicating that this crustal block did not significantly deform during development of the fan. In contrast, workers in slope basin rocks in Baja south of 30.5°N report NW-SE to N-S oriented folds and cleavage, parallel to the structural trend of the PRB [Gastil and Miller, 1993] , indicating that the structural history of these rocks is markedly different from those to the north. One possibility is that the eastern zone of the batholith south of 30.5°N was strongly deformed during Jura-Cretaceous tectonism along the North American margin (Figure 1) . We thus concur with Gastil et al. [1991b] , who suggested that during Mesozoic orogenesis crust underlying the shelfal miogeoclinal assemblage was more rigid than crust beneath the slope basin assemblage farther south.
[57] The cusp of miogeoclinal crust east of the fan thus may have served as a crustal indentor during Jura-Cretaceous deformation. Basement to this part of the transition zone may have undergone a process of tectonic wedging such that crust within the transition zone impinged against the buttress from the west and was forced upward [e.g., Price, 1986] , as has been suggested for other fan structures like the Selkirk fan in the Canadian Cordillera, which occurs across the corresponding Paleozoic miogeoclinal shelf/slope basin assemblage transition [Price, 1986; Colpron et al., 1998 ]. This model is consistent with two additional features in the SSPM. First, the PRB deformation zone bends in the study area, from NW striking in the south to NNE striking in the north (Figure 9d ). We suggest that this local feature results from refraction of subduction-related strains around the miogeoclinal indentor. Second, the deepest levels described thus far from the PRB occur in the center of the fan structure in the SSPM. We propose that an indentor to the east of this region may have concentrated strain in the fan relative to other locations in the PRB deformation belt to the south where slope basin rocks possibly accommodated a significant proportion of the total strain during Mesozoic contraction. Greater shortening in the SSPM would correspond with greater crustal thickening and thus more buoyant crust that was subjected to greater denudation.
[58] We thus hypothesize that the fan structure in the PRB deformation belt of the SSPM resulted from a combination of tectonic wedging caused by a cusp of strong miogeoclinal crust to the east and transitory thermal weakening of the central domain caused by extensive intrusion of tabular shaped, vertically oriented magmatic sheets. The latter mechanism is similar to vise tectonic processes in that it involves partitioning of strain into a belt of weak crust sandwiched between stronger crust to either side. However, in this case weakening results from intrusion, and therefore, only operates for a limited time at which magmatic sheets are near their solidi. In the case of magmatic sheets in the SSPM, the occurrence of conjugate, high-temperature solid state shears that crosscut magmatic fabrics indicates that the center of the fan structure attained considerable strength relative to its sides within a few million years of intrusion.
Conclusions
[59] Our results indicate that the lithospheric boundary in the PRB is a long-lived feature that not only controlled the location of transitional basins, and focused Jura-Cretaceous deformation, but ultimately how exhumation progressed in the later stages of the batholith's history. We also now recognize that the Jurassic batholith, first recognized in the northern part of the batholith in San Diego County, extends well into Peninsular California and likely underlies the length of the entire batholith. Magmatism continued in the eastern and transitional zones of the PRB through Early Cretaceous time, spanning more than 60 m.y. An important component of this plutonic history was the intrusion of arcparallel, syntectonic sheet-like plutons along the crustal discontinuity and into the PRB deformation belt.
[60] Our data from the southern SSPM indicate that deformation in the PRB deformation belt initiated much earlier and was more prolonged than previously thought, spanning >40 m.y. over a duration of >132 to $85 Ma. The doubly vergent fan in the southern Sierra San Pedro Martir developed as a local feature in the PRB deformation belt. Little to no strike-slip motion occurred during evolution of this structure as constrained by lack of displacement in a strike-slip sense or rotation of units in the center of the fan, and limited time at which fabrics formed in the center of the structure. Thus the fan is predominantly contractional in nature, consistent with the structural history of the rest of the PRB deformation belt. Fans have not been described from elsewhere in the PRB and thus the SSPM fan likely resulted from mechanical features that are unique to this region, as depicted in Figure 9d , rather than Mesozoic transpression. These features include an apparent buttress in the continental margin that caused tectonic wedging during contractional deformation [e.g., Price, 1986] and thermal weakening and strain softening of the center of the fan. This mechanism is a form of vise tectonics [e.g., Ellis et al., 1998 ] that we suggest may be a common process in arcs, but probably only operates for short durations (i.e., a few million years) over which strong lateral temperature gradients can be maintained between highly intruded and relatively little intruded regions across the arc.
[61] These examples of the crustal-scale discontinuity and fan emphasize the importance of the mechanical behavior of crust in orogens. Our interpretation of this structure contrasts with the commonly held view that fan-like geometries and transitions from steeply to shallowly pitching lineation across a deformation belt result from kinematic partitioning of oblique plate motions in a margin. We believe such fan-shaped deformation geometry and fabric gradients can also be produced in margins experiencing orthogonal contraction, as a consequence of local complex flow in rheologically variable zones that results from common features such as inherited heterogeneity as well as thermal softening during magmatic episodes.
